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ABSTRACT

This study investigated the removal efficiency of fluoride ions (F-) using polyethyleneimine mod-
ified diatomite earth (PEI&DT) in a fixed bed column under different conditions. Scanning elec-
tron microscopy showed that the PEI&DT had high porosity and thermogravimetric analysis
showed that the diatomite was successfully modified by polyethyleneimine (PEI). Adsorption of F~
by PEI&DT was measured in the fixed bed column using breakthrough time and saturation time,
which increased with increasing bed height, but decreased with increasing F- concentration and
flow rate. The Thomas model, which had a very good fit (average = R? > 0.9632), showed that the
maximum ¢, value was 97.06 mg/g. The Yoon-Nelson model predicted theoretical required times

(T,.,) Were close to the experimental values (t__), and the mean error (B) < 9% showed the model

e

was accurate. These results demonstrated that PEI&DT has high potential as an adsorbent for the

removal of F-in a fixed bed column.
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1. Introduction

Coal mining by state energy groups is predominantly
concentrated in northwest China [1]. As part of the coal
mining process, large amounts of mine water are produced.
This water represents a water resource that, if not used,
will be wasted [2]. To protect and conserve water resources,
national energy groups in China have built dozens of
underground reservoirs to store water. However, after
more than 10 y of work, while water resources have been
fully protected, water quality problems in the underground
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reservoirs have become apparent [3]. Due to the fluo-
ride in underground rocks, local reservoir water often
has an excess of fluoride ions (F-), with F- concentrations
exceeding 5 mg/L [4]. F~ is an important trace element in
the human body, and in small amounts fluorine can pro-
tect teeth [5]. However, high levels of F- in water can also
lead to dental fluorosis in children and skeletal fluorosis in
adults [6]. Therefore, an effective method for the efficient
removal of F~ from water is required.
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There are multiple methods for the removal of F~ from
water, among which adsorption technology is the most
efficient [7]. Adsorption technologies are based on the
selection of adsorbent materials with the best available
F- adsorption modes. The adsorbent diatomite, which is
mainly composed of silicon dioxide, has a large specific
surface area, and has stable physical and chemical prop-
erties, is suitable for the adsorption of cationic pollutants
[8]. These characteristics also make diatomite very suitable
for use as a carrier of modified reagents [9]. However, the
surface of diatomite is negatively charged in aqueous solu-
tions, so it cannot effectively adsorb F-, which has a negative
charge [10]. Therefore, polyethyleneimine (PEI), which is
a water-soluble cationic polymer, is often used as a modi-
fication reagent [11]. After diatomite is modified with PEI,
the protonated amino groups on the surface become well
suited for the adsorption of anionic pollutants [12]. Usman
and Khan [13] demonstrated the effectiveness of PEI using
a PEI modified hollow sponge to adsorb dyes, achieving a
maximum saturated adsorption capacity of 1,666.67 mg/g.
Similarly, Gao et al. [14] used a PEI modified silica gel
to adsorb heavy metals, achieving maximum saturated
adsorption capacities ranging from 25.94 to 50.01 mg/g.

In addition to selecting a suitable absorbent, it is import-
ant to select an appropriate adsorption method. Most stud-
ies have focused on batch adsorption processes. However,
batch adsorption can only reach the theoretical adsorption
capacity, and the actual adsorption capacity is often much
lower than that [15]. The fixed bed column method uses a
column of a fixed specific height filled with adsorbent and
is often used in adsorption processes. This method is more
suited to actual water treatment applications because the
actual adsorption occurs within a dynamic liquid flow pro-
cess [16]. Furthermore, the fixed bed column method can
deal with a large number of pollutants. More importantly,
the fixed bed can facilitate dynamic adsorption, enabling it
to treat much more water than batch adsorption [17]. Mohan
et al. [18] used rGO/ZrO, in a fixed bed column to adsorb
F- and achieved a maximum saturated adsorption capacity
of 45.7 mg/g. Ye et al. [19] used magnesia-pullulan com-
posite as the adsorbent to adsorb F- in a fixed bed column
and achieved a maximum saturated adsorption capacity of
6.21 mg/L. The F- adsorption process in a fixed bed is more
complicated than that in the batch adsorption process, which
means that the experimental parameters need to be opti-
mized for different adsorbents [20]. However, few studies
have used PEI modified diatomite to adsorb F- in a fixed
bed column, so it is necessary to further study and opti-
mize the PEI modified diatomite F~ adsorption process to
ensure the efficiency of water treatment applications.

In this work, diatomite was modified by PEI to adsorb
F- in water in a fixed bed column process. The adsorption
efficiency of the adsorbent in the fixed bed was examined
with different column heights, different initial concentra-
tions of F-, and different flow rates. The main objectives
were to (1) determine the influence of different operating
parameters on adsorption of F~ by modified diatomite;
(2) describe the dynamic adsorption model using the opti-
mal experimental parameters and predict the saturated
adsorption capacity; (3) elucidate the mechanisms of the
dynamic adsorption process.

2. Materials and methods
2.1. Modification process of diatomite

Diatomite was purchase from Aladdin Co., Ltd.,
(Shanghai, China). There was no further purification of
the diatomite, which was white in color.

The modification process was as follows: firstly, 60 g of
diatomite was mixed with 5 mL of PEI solution in 1,000 mL
deionized water. The mixture was thoroughly stirred using
a magnetic agitator at a rate of 600 rpm. After 6 h, stirring
was stopped and the supernatant was skimmed off after 2 h
of precipitation. The precipitated samples were then dried in
an air blast drying oven at 80°C for 48 h. Finally, the dried
modified diatomite was ground, screened through 60 mesh
(0.25 mm), and sealed for preservation. The PEI modified
diatomite, hereafter called PEI&DT, was light yellow in color.

2.2. Reagents

The F- solution was prepared using NaF reagent to make a
1,000 mg/L stock solution. NaF was purchase from Sinopharm
Group Co., Ltd., (China). HCl and NaOH were purchased
from Tianjin Damao Co., Ltd., (Tianjin, China). Other
reagents used in the experiments were of analytic quality.

2.3. Fixed bed column and operating parameter settings

Dynamic adsorption of F~ was conducted using modi-
fied diatomite in fixed bed columns. Fixed bed adsorption
parameters included initial F~ concentration, solution flow
rate, and adsorption height. The experimental F- concentra-
tions were 100, 200, and 300 mg/L. The experimental flow
rates were 5.6, 7.5, and 9.7 mL/min. The heights of fixed bed
adsorbent were set at 5, 10, and 15 cm. A schematic diagram
of the column is shown in Fig. 1. The column reactor was
made of glass (inner diameter = 3.0 cm). The column was
filled with PEI&DT between quartz sand, and the thick-
ness of the quartz sand above and below the PEI&DT was
0.3 cm. The flow rate was adjusted using a peristaltic pump.

2.4. Instrumentation

In this work, the concentration of F~ was determined
using a fluoride ion meter (Shanghai Leici Instrument Co.,

quartz sand 7

modified diatomite

quartz sand Z

—_—

influent peristaltic pumb effluent

Fig. 1. Flow chart of the fixed bed process.
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Ltd., China). pH was measured with a pH meter (Mettler
Toledo, FE28, Switzerland). All experiments were carried out
at room temperature. The surface morphology of the mod-
ified diatomite was observed by scanning electron micros-
copy (SEM, Hitachi S4800, Japan). The thermal stabilities of
the diatomite and modified diatomite were analyzed using
the thermogravimetric method (STA 409 PC, Germany).
The specific surface area and pore distribution of the mod-
ified diatomite were analyzed by Brunauer-Emmett—
Teller-Barrett-Joyner-Halenda (BET-BJH; Quantachrome,
Autosorb iQ, USA).

2.5. Analysis of fixed bed data

The breakthrough point is when C, reaches 10% of the
C, [21]. The point at which effluent concentration reaches
90% is taken as the saturation point [22]. The effluent
volume, V_, (mL), can be calculated as follows:

Veff = Q X ttotel (1)

The total amount of F- adsorbed by the fixed bed is

calculated using the penetration curve as follows:
Q t=tiorel

=—= C_dt 2
E]tote] 1000 2o ad ( )
where t_  is the total flow time; Q (mL/min) is the flow
rate; and C , (mg/L) is the concentration of adsorbed F-.
q., (ng/g) is described as:

qeq — qtotel (3)
m

where m is the weight of the adsorbent in the fixed bed.

The total amount of fluoride ion (W,__, mg) adsorbed by

the fixed bed is calculated using Eq. (4):

_CQta

= 4
totel 1 000 ( )

The removal percentage (R) of F~ can be calculated as
follows:

R = Qe 1009 @)

totel

2.6. Column adsorption model

Two column adsorption models were used to analyze
the experimental data, the Yoon—-Nelson and Thomas mod-
els. The Thomas model is one of the most commonly mod-
els used for the adsorption properties of fixed beds. Its
calculation formula is:

C, 1
o 1 . (6)
+exp| ————~
P Q(%Z—COV)

where k, (mL/(h-mg)) is the rate constant; V (mL) is effluent
volume; ¢, is the adsorption capacity (mg/g); and Z (cm) is
the height of the fixed bed.

Under different flow rates, concentrations, and col-
umn heights, there is a linear relationship between
In[(C,/C)-1)] and t. The g, and k, variables are calculated
based on the slope and intercept of the curve. The linear
relationship can be described as:

In gfl = kigom
@ Q

t

—kC,t @)

The time required for the effluent F~ concentration to
reach 50% C, was predicted, and the accuracy and error of
the predicted values were determined by comparing pre-
dicted and experimental values. The Yoon-Nelson model
[23] is given by Eq. (8):

Cl
C,-C

0 t

In

=kt —thyy 8)

where k,, (min™) is the adsorption rate constant of the
model; and t (min) is the time required for the model to
adsorb 50% of the fluorine ion concentration.

The error (B) is calculated as follows:

tex _ttheo
e 100% )

exp

h=2

where N is the quantity of experimental data; t,  is the
theoretical time (min); and tp 1S the experimental time.

3. Results and discussion
3.1. Characteristics of the adsorbent
3.1.1. SEM analysis

As shown in Fig. S1, there were great differences in the
surface microstructure of diatomite before and after modi-
fication. As can be seen in Fig. Sla, the surface of the raw
diatomite was smooth and screen pores on the surface were
clearly visible. This showed that the raw diatomite had a
large specific surface area. After diatomite was modified
(Fig. S1b), its surface was smooth and its pores were par-
tially blocked by modification reagent, which may have
reduced its specific surface area [24]. After modification,
although PEI almost covered the surface of the diatomite,
its micropores still existed, which meant it retained a great
potential for adsorption of F~.

3.1.2. Thermogravimetric analysis

The successful loading of PEI onto raw diatomite was
confirmed by thermogravimetric analysis. The correspond-
ing weight loss curves for raw diatomite and PEI&DT
are shown in Fig. 52. For raw diatomite, free water and
structural water gradually disappeared from as the tem-
perature increased from 20°C to 250°C. For PEI&DT, there
was a similar decreasing trend in weight below 250°C,
but between 200°C and 650°C there was oxidative decom-
position of carbohydrates in the N, condition [25]. When
the temperature exceeded 650°C, the carbon materials
gradually disappeared while SiO, remained. This thermal
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stability test confirmed that the diatomite was success-
fully loaded with PEI and that the mass loss proportion
of the modified diatomite was 21%.

3.1.3. BET and BJH analysis

The BET-BJH properties of raw diatomite and PEI&DT
were measured, the results are listed in Table S1. The spe-
cific surface areas of PEI&DT and raw diatomite were 52.56
and 69.48 m?/g, respectively, their average pore sizes were
10.14 and 7.21 nm, and their total pore volumes were 0.3895
and 0.4819 cm®/g. These results showed that, although the
specific surface area was reduced by PEI modification, the
adsorption capacity was not negatively affected [26]. More
importantly, the functional groups on the surface of PEI&DT
demonstrated the ability to absorb F~ in large quantities.

3.1.4. Fourier-transform infrared spectroscopy analysis

Fig. S3 shows the Fourier-transform infrared (FTIR) spec-
tra of the original diatomite, PEI&DT, and PEI&DT after
adsorption of F~. The characteristic peaks of the original
diatomite mainly appeared at 3,442; 1,634; 1,401; 1,096; 796
and 618 cm™ (Fig. S3a). The characteristic peak at 3,442 cm™
was attributed to the H atom in the Si—-H bond. The peak at
1,634 cm™ may have been caused by the bending vibration
of the H-OH bond. The characteristic peak at 1,401 cm™
was attributed to the stretching vibration of the C-O bond.
The characteristic peak at 1,096 cm™ may have reflected the
Si-O-H bond. The peaks of 796 and 618 cm™ were attributed
to 5i—-O-Si or Si-O bending vibrations.

The FTIR spectra of PEI&DT were similar to those of the
original diatomite. As depicted in Fig. S3b, the new peaks
after modification with diatomite, seen at wavelengths
2,389 and 2,346 cm™, were indicative of an amino group
(-NH,), which is the main functional group for adsorbing
F-. Fig. S3c shows that three new peaks appear after the
adsorption of F~ by PEI modified diatomite. Similarly, the
peaks at 1,472 and 2,354 cm™ were attributed to an amino
group, and the appearance of these characteristic peaks
indicated that PEI had been successfully loaded on the sur-
face of diatomite. The peak at 1,506 cm™ was attributed the
stretching vibration of the C=C bond.

3.1.5. Particle strength analysis

Particle strength is another effective index for evaluat-
ing adsorbents. The higher the particle’s strength, the longer
its life during use, and the lower the required frequency of
replacement. The amount of PEI added will directly deter-
mine the adsorption capacity and the mechanical strength
of adsorbent particles. Therefore, the change in particle
strength was studied by adding different modifiers. As
shown in Fig. 54, when the dosage of PEl reagent in the mod-
ification stage (100 g diatomite) was 10, 15, 20, and 25 mL,
the particle strength of PEI&DT was 5.13, 13.26, 35.89, and
41.35 kg/cm?. Clearly, the particle strength had a strong pos-
itive correlation with PEI volume, with a correlation coeffi-
cient (R?) of 0.9432. According to the experimental results,
when the volume of PEI was 20 mL, the particle strength
efficiency peaked at 41.35 kg/cm?.

3.2. Effects of experimental factors on F- adsorption
3.2.1. Effect of bed height

The breakthrough point times (t), saturation point
times (t), masses of adsorbed F~ (q,,), and effluent volumes
(V) under different experimental conditions are shown in
Table 1. Breakthrough time, saturation time, and V , of F-
were all improved with increasing bed height. As shown
in Fig. 2a, the slopes of the adsorption curves gradually
decreased with increasing bed height. On the one hand, the
breakthrough times were 20, 85, and 186 min in the three
increasing bed heights, respectively, while V_, increased from
150 to 1,395 mL. On the other hand, the saturation times
were 590, 780, and 1,320 min, respectively, and V  increased
from 4,425 to 9,900 mL when the bed height increased from
5 to 15 cm. This phenomenon was attributed to the fact that
more adsorbent was utilized for adsorption in columns with
larger bed heights [27]. The increase in the height of the
fixed bed increases the dosage of adsorbent. Furthermore,
the increased height prolongs the residency time of F~ in the
column, which increases the likelihood of contact between
adsorbate and binding sites. As shown in Fig. 2a, although
the concentration of F~ in the effluent reached the break-
through point, the adsorbent was far from reaching adsorp-
tion saturation. Then, as the F- solution continued to flow,
although the concentration of F~ in the water continued to
increase, the PEI&DT continued to absorb much of the F-,
resulting in the same F- concentration in the influent and
effluent [28]. Though the breakthrough point was reached
quickly, adsorbent saturation took a long time. The break-
through point and saturation point are important parame-
ters to evaluate the adsorption performance of adsorbents.
The longer the time to reach the critical value, the better the
adsorption effect. In addition, electrostatic attraction is the

Table 1
Column adsorption data at C,/C,=0.1 and 0.90

C/C, Z(cm) C,(mg/L) ov(mL/min) ¢ (min) V_ (mL)
010 5 200 7.5 20 150
010 10 200 7.5 85 638
010 15 200 7.5 186 1,395
0.10 10 100 7.5 119 893
0.10 10 200 7.5 85 638
010 10 300 7.5 59 443
010 10 200 5.6 127 711
010 10 200 7.5 85 638
0.10 10 200 9.7 47 458
090 5 200 7.5 590 4,425
090 10 200 7.5 780 5,850
090 15 200 7.5 1,320 9,900
090 10 100 7.5 900 6,750
090 10 200 7.5 780 5,850
090 10 300 7.5 540 4,050
090 10 200 5.6 1,177 6,591
090 10 200 7.5 780 5,850
090 10 200 9.7 617 5,985
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Fig. 2. Fixed bed adsorption curves for adsorption of F- under different condition.

main mechanism of adsorption of F- by PEI&DT. In fixed
bed adsorption process, H* will protonate the -NH, on the
surface of PEI&DT to NH," in aqueous solution [Eq. (10)].

because the concentration gradient between PEI&DT sur-
face and F- in solution was increased with increasing
C,- Higher concentration differences provide a stronger
driving force for the adsorption process [29]. However,

PEI&DT - NH, + H" - PEI&DT - NH; (10)  the adsorption efficiency and the adsorption rate were also
improved.
PEI&DT - NH; +F~ — PEI&DT-NH; - F~ (11) In general, the concentration of F~ in aqueous solu-

According to Egs. (10) and (11), the cationic NH;* in
PEI&DT can attract and bind F~. The adsorption of F~ by
cationic NH,* will remove it completely from solution. The
principle of adsorptlon is generated by the mutual attraction
of positive and negative charges under the action of elec-
trostatic attraction. Under theoretical conditions, the lower
the pH of the solution, the better the adsorption of F-.

In general, the mechanism of adsorption of F~ by mod-
ified adsorbents is electrostatic attraction, and increasing
the column height extends the amount of time required to
reach the penetration and saturation points.

3.2.2. Effect of initial concentration

As given in Table 1, with increasing C, the break-
through times ¢, and saturation times ¢ were 119, 85, and
59 min and 900 780, and 540 min, Wthh corresponded
to concentrations of 100, 200, and 300 mg/L, respectively.
Fig. 2b shows that, as C, increased, the slopes of the
adsorption curves increased rapidly. This was because
increases in F- concentration in the influent led to cor-
responding increases in adsorbent adsorption load. In
contrast, the time to reach the breakthrough point and sat-
uration point decreased. Within the breakthrough time,
V decreased from 893 to 443 mL. Within the saturation
time, V_, decreased from 6,750 to 4,050 mL. As expected,
lower influent concentrations resulted in longer penetra-
tion times and saturation times because lower influent con-
centrations were less polluting to the fixed bed. This was

tion was negatively correlated with f, and . Furthermore,
the adsorption of F- by adsorbents was influenced by the
strength of the gradient created by the difference between
adsorption sites and F~ concentration.

3.2.3. Effect of flow rate

As the curves in Fig. 2c show, adsorption breakthrough
and adsorption saturation were better at lower flow rates.
As shown in Table 1, ¢, t, and V_, decreased with increas-
ing flow rate. The ¢, Values were 127 85, and 47 min and
the ¢ values were 1, 177 780, and 617 min, respectively, at
flow Tates of 5. 6,7.5, and 9.7 mL/min. This was because, the
higher the flow rate, the shorter the contact time between
F- and adsorbent. Therefore, fast flow rates may lead to
incomplete adsorption processes and lower adsorption
efficiencies. However, the increase in flow rate improved
the breakthrough time, with the V_, value decreasing from
151.2 to 97.0 mL. According to the mass transfer theory, the
flow rate of the F- solution is positively correlated with the
mass transfer coefficient [30]. In other words, an increased
flow rate around the PEI&DT would increase column
adsorption rates. This phenomenon, in terms of the break-
through and saturation times, can be explained as follows:
when the flow rate is low, F- gets more time to contact the
adsorbent which increases the likelihood of finding the
bonding points on the adsorbent. In contrast, when the
flow rate is faster, the contact time between F- and adsor-
bent is reduced, along with the likelihood of binding to the
adsorbent’s adsorption sites or within the adsorbent.
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In general, changes in the flow rate affected the con-
tact time between PEI&DT and F~. The flow rate was nega-
tively correlated with ¢ _and t,.

3.3. Application of the Thomas model

The experimental data were analyzed using the Thomas
model and the penetration curves of F~ on PEI&DT at dif-
ferent flow rates, concentrations, and column heights were
studied (Fig. 3). Table 2 shows that maximum saturated
adsorption capacity (q,) increased with increasing bed height
but decreased with increasing flow rate and F~ concentra-
tion. The result was that the more adsorbent there is, the
larger its adsorption capacity. The Thomas model confirmed
that the g, was achieved at a flow of 7.5 mL/min, a concen-
tration of 100 mg/L, and a bed height of 5 cm. However, k,
remained high when there were high F- concentrations,
high flow rates, and large bed heights. This phenomenon
showed that g, was increased at lower concentrations, flow
rates, and bed heights, while k, was decreased at higher
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(Fig. 4). The k, and T,  values were obtained under dif-
ferent experimental conditions by fitting the adsorption
curves. Table 4 shows that k  increased as the F- concen-
tration increased. The theoretical times (t, ) for the con-
centration of F- in solution to reach 50% of the inlet water
concentration were close to the experimental times (t_ ).
Their errors (B) were all below 9% and their R* > 0.96. The
fitting results showed that the adsorption process of the
modified adsorbent was normal, and the model can be
used to fit effectively. Therefore, the Yoon-Nelson model
can accurately describe the dynamic adsorption process
of F- on PEI&DT. These agreed with Vieira et al. [37], who
concluded that these two dynamic adsorption models are
suitable for describing experimental breakthrough curves.

Table 2
Thomas model parameters with different factors of column
adsorption

concentrations, flow rates, and bed heights. The average R? Z G, v (mL/min) ¢, k, R?
value of the Thomas model was 0.9700, showing that this (cm)  (mg/L) (mg/g)  (mL/min)
mgdel had an exc.el.lent fit and indicating that the model is 10 100 75 29.20 0.069 0.9613
suitable for describing column data. Table 3 shows a com-
. . i . . 10 200 7.5 20.89 0.065 0.9799
parison of the adsorption capacities of different materials
when adsorbing F~ under different experimental conditions 10 300 7.5 15.95 0.101 0.9706
using the Thomas model. Based on the comparison, PEI&DT 10 100 5.6 36.46 0.048 0.9855
is the best adsorbent for the adsorption of F~ [31-36]. 10 100 7.5 20.37 0.058 0.9814
10 100 9.7 15.96 0.076 0.9660
3.4. Application of Yoon—Nelson model 5 100 7.5 97.06  0.046 0.9501
10 100 7.5 20.89 0.054 0.9800
The experimental data were fitted into the Yoon-Nelson 15 100 s 795 0.070 0.9548
model to determine the breakthrough curve of F~ on PEI&DT : : : :
5.0
40 P ® 100mg/L
3.0 fxm .
~ 20 ;&gﬁ;s ®200mg/L
[ | 5% : A 300mg/L
= ol E‘EJK&-B%: K WP
-0 H TR e
2.0 A : %wx 3
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Fig. 3. Adsorption curves of F~ on PEI&DT according to the Thomas model.
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Table 3
Comparison of F- adsorption capacity of PEI&DT with the reported adsorbents
Adsorbents Adsorption capacity g, (mg/L) References
Red mud-based geopolymer microspheres 76.57 [31]
Amorphous porous Al,O, microfiber clusters 10.82 [32]
Chitosan-praseodymium 15.87 [33]
Manganese carbonate (MnCO,) nanowire 46.80 [34]
NH,-UiO-66 65.08 [35]
Nanostructured porous MgO hollow spheres 175.00 [36]
PEI&DT 97.06 This study
4 Acknowledgement
_H_.e
2 T This work was supported by the Open Fund of the State
PP y P
33 0 Key Laboratory of Water Resource Protection and Utilization
{3" © 100me/L in Coal Mining (Grant No. GJNY-18-73.14), the National
G2 ,:jgﬂ ¥ & "y Natural Science Foundation of China (Grants No. 52000060),
=] 4 l N 30 Omg L and the Henan provincial key science and technology
) ]“ me research project (222102110136).
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Fig. 4. Adsorption curves of F- on PEI&DT according to the
Yoon-Nelson model.

Table 4
Yoon-Nelson model parameters for DE@C

z v C, ko T T R?
(min) (mL/min) (mg/L) (min) (min) (exp)

10 7.5 100 0.0054 420.7 450.0 0.9613
10 7.5 200 0.0057 305.1 280.0 0.9799
10 7.5 300 0.0091 266.5 239.0 0.9706

4. Conclusion

In this work, the use of PEI modified diatomite as a
potential adsorbent for F- in a fixed bed system was tested
under different experimental conditions. SEM confirmed
that the modified diatomite surface was covered by the
modification reagent, indicating that PEI successfully
coated the adsorbent surface. Thermogravimetric analysis
showed that the diatomite was successfully modified by
PEI After modification, BET analysis showed that PEI&DT
still had a high specific surface area. The column adsorp-
tion data showed that the breakthrough time and satura-
tion time both increased with increasing bed height but
decreased with increasing flow rate and F~ concentration.
The Thomas model showed that the g, of dynamic adsorp-
tion was 97.06 mg/g. The theoretical values predicted by the
Yoon-Nelson model were very close to the actual values,
with an average B < 9%. This study demonstrated that this
material could serve as an effective adsorbent for F~ removal
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Supporting information

Table S1
BET and BJH analysis of raw diatomite and PEI&DT

Name BET Average Total pore

(m?%/g) pore (nm) volume (cm?/g)
Raw diatomite 69.48 7.21 0.4819
PEI&DT 52.56 10.14 0.3895

transmittance/%
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wavenumbers/cm!

Fig. S3. Fourier-transform infrared spectra of original diatomite
(a), PEI&DT (b) and PEI&DT after F- adsorption (c).

(b)

Fig. S1. Scanning electron microscopy image of (a) raw
diatomite and (b) PEI&DT.
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Fig. S2. Thermogravimetric analysis curves obtained in air  Fig. S4. Linear relationship of particle strength and PEI
for raw diatomite and PEI&DT. reagent.
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